IMPORTANCE Albuminuria is associated with adverse outcomes in diverse groups of patients, but the importance of albuminuria in the emerging population of increasingly complex adults with congenital heart disease (ACHD) remains unknown.
T here is a growing population of adults with congenital heart disease (ACHD) of increasingly complexity and a corresponding rise in health care utilization. [1] [2] [3] [4] This disease category encompasses a wide diversity of diagnoses with a broad range of overall prognosis and specific outcome risks. Biomarkers that better stratify risk for patients across the ACHD spectrum would have great clinical value. Albuminuria is present in approximately 5% to 8% of the general population, [5] [6] [7] with a higher prevalence in patients with diabetes mellitus (DM) or hypertension. Normally, little albumin is excreted in the urine because of charge-selective and size-selective properties of the glomerular capillary wall and tubular reabsorption. Albuminuria indicates increased glomerular permeability that arises from endothelial dysfunction, generalized vasculopathy, or tubular dysfunction. [8] [9] [10] The presence of albuminuria is associated with increased risk for adverse renal and cardiovascular outcomes in the general population and in patients with a broad array of diseases. 6, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] The association between cyanotic congenital heart disease (CHD) and albuminuria has been known for more than a century. 21 However, to our knowledge, few studies 22, 23 have explored this phenomenon in other subtypes of CHD in the contemporary era and in which most patients undergo surgical or catheter-based repair. In this study, we investigated the prevalence, correlates, and prognostic implications of albuminuria in adults with CHD, hypothesizing that those who have albuminuria on a single spot urine measurement would be at increased risk for adverse outcomes.
Methods

Study Sample
We prospectively enrolled outpatients with CHD who were 18 years or older between 2012 and 2016 at Boston Children's Hospital and Brigham and Women's Hospital. We excluded 82 patients who had an albumin-to-creatinine ratio (ACR) of 30 mg/g or more after they had performed an exercise test on the same day, because strenuous exertion can lead to transient albuminuria. 24 The study protocol was approved by the Boston Children's Hospital institutional review board, and informed consent was obtained from all participants. This study was conducted under a reliance agreement with Brigham and Women's Hospital to cede direct oversight to Boston Children's Hospital.
Collected Variables and Definitions
Biospecimens were collected as part of the Boston Adult Congenital Heart Disease Biobank. Details of the protocol have been published. 25 Briefly, clinical data were collected from tests completed within 2 years of biospecimen collection, including patient demographics, vital signs, cardiac diagnosis, medications, medical comorbidities, and New York Heart Association functional classification (NYHA FC). 26 Patients were classified into groups by primary diagnosis, pathophysiology, and complexity, as detailed in the eMethods in the Supplement. For a subset of patients who had cardiopulmonary exercise testing within 2 years of enrollment, we collected and analyzed peak oxygen consumption and ventilatory efficiency data.
Albuminuria
Random spot urine was collected during a clinic visit from spontaneous clean-catch void. Urine underwent centrifugation at 4000 rpm for 5 minutes at 4°C. Creatinine and albumin were measured on fresh samples in a Clinical Laboratory Improvement Amendments-certified laboratory. We defined albuminuria per existing guidelines: (1) an ACR of less than 30 mg/g is normal to mildly increased albuminuria, (2) an ACR of 30 to 300 mg/g is moderately increased albuminuria, and (3) an ACR of more than 300 mg/g is severely increased albuminuria. 27 For simplicity, the term albuminuria is used in this article to indicate an ACR or 30 mg/g or greater.
Outcomes
The primary combined outcome was death from any cause or nonelective cardiovascular hospitalization. The latter was defined as an overnight inpatient admission for heart failure, arrhythmia or symptoms of arrhythmia, ischemic or thromboembolic events, cerebral hemorrhage, or disease-specific events (eg, hyperviscosity symptoms in Eisenmenger syndrome). Secondary analyses were performed for the outcome of all-cause mortality.
Data Analysis
Owing to its right-skewed distribution, ACR was analyzed as a natural log-transformed continuous variable and as a categorical variable. 
Key Points
Question How common is albuminuria, and does its presence predict prognosis in adults with congenital heart disease?
Findings In this cohort study of 612 adult outpatients with congenital heart disease, albuminuria was present in 106 (17.3%) and was more prevalent among patients with cyanosis, Fontan circulation, systemic right ventricle, worse functional class, or greater disease complexity. Albuminuria was associated with increased risk for adverse outcomes in patients with biventricular circulation but not those with Fontan circulation.
Meaning Albuminuria is prevalent and may provide an additional tool to identify increased risk in adults with biventricular congenital heart disease.
P value of less than .05 for entry, considering for inclusion any variable associated with log ACR at a P value of .10 in univariate analysis; a maximum of 1 covariate was included per 10 events. We applied the Harrell method to estimate of the concordance statistic (C-statistic) for this model, first without ACR and then after adding ACR as both a categorical variable and a log-transformed continuous variable. 28 In addition, we analyzed the association by adjusting for a loaded model that itself adjusted a priori for covariates considered likely to be important: age, diagnosis severity, cyanosis, DM, estimated glomerular filtration rate (eGFR), and NYHA FC category. Based on a prior analysis, we anticipated the possibility that albuminuria would have a different meaning in those with single-ventricle Fontan (SVF) circulation compared with those who have biventricular CHD physiology 29 ; therefore, we planned a priori to report the outcomes analysis stratifying by SVF status. We explored all 2-way interactions, confirming a statistically significant interaction between SVF status and the association between ACR and outcomes; there were no other significant 2-way interactions. Log ACR was also analyzed as a continuous variable using restricted cubic splines to assess for a nonlinear association with outcomes. A 2-sided P value less than .05 was considered statistically significant. Analyses were performed with SAS version 9.4 (SAS Institute Inc), R version 3.4.1 (R Foundation for Statistical Computing), and GraphPad Prism (GraphPad Software, Inc).
Results
A total of 753 patients were enrolled in the Boston Adult Congenital Heart biobank during the study period. Urine was not collected from 59 individuals; another 82 individuals were excluded because urine was collected after an exercise test. A total of 612 patients were included in the analysis (eFigure 1 in the Supplement).
Albuminuria in ACHD
The most common CHD diagnosis groups were left-sided obstructive lesions (n = 141 [23 Frequency of albuminuria (defined as an albumin-to-creatinine ratio Ն30 mg/g) according to underlying congenital heart disease diagnosis. The solid line represents the approximate general population prevalence (6.5% Albuminuria was more frequently observed in patients who were taking diuretics, β-blockers, digoxin, and warfarin. Patients with ACR levels of less than 30 mg/g and patients with ACR levels of 30 mg/g or more differed significantly with 
Survival Analysis
After a mean (SD) follow-up time of 270 (288) days (median, 183.5 days; range, 0-1183 days), there were 17 deaths (2.5%) and 68 patients (11.1%) experienced the primary outcome, which was either death or nonelective cardiovascular hospitalization. On survival analysis by degree of albuminuria, we found a stepwise increase in the risk for sustaining the combined primary outcome (death and nonelective hospitalization for cardiovascular causes) with increasing degree of albuminuria, from normal or mildly increased to moderately increased to severely increased albuminuria ( Figure 2 ). Among those with any degree of albuminuria (ACR ≥30 mg/g), the primary outcome occurred in 30 of 106 patients (28.3%); in contrast, only 38 of 506 people without albuminuria (7.5%) experienced the same ( Table 2) . Albuminuria was a significant predictor of combined outcome (univariate hazard ratio [HR], 3.0; 95% CI, 1.9-4.9; P < .001; multivariable HR, 2.4; 95% CI, 1.4-4.1; P = .002, after adjusting for cyanosis and NYHA FC category based on automated forward selection). The C-statistic calculated via the base model with cyanosis and NYHA FC category was 0.72; this increased to 0.75 with the addition of dichotomous albuminuria and to 0.76 with the addition of continuous log ACR data.
Since the selected multivariable model did not include several clinically relevant variables, we repeated the analysis adjusting for age, cyanosis, DM, NHYA FC level, disease complexity, and eGFR with similar results (HR, 2.2; 95% CI, 1.3-4.0; P = .01). Of particular note was the association between degree of albuminuria and HRs for the combined outcome was consistent at all levels of eGFR (eFigure 2 in the Supplement).
Albuminuria was also predictive of mortality. Death occurred in 11 of 106 patients with albuminuria (10.4%) compared with only 6 of 506 patients who did not have albuminuria (1.2%; HR, 6.4; 95% CI, 2.4-17.3; P < .001; Table 2 ).
There was a significant 2-way interaction between the type of circulation and the association of albuminuria with the combined outcome. Albuminuria was associated with adverse outcomes only in patients with a biventricular circulation, but not those with a SVF (biventricular circulation: n = 526; HR, 4.5; 95% CI, 2.5-8.0; vs SVF circulation: n = 86; HR, 1.0; 95% CI, 0.4-2.8; P = .01 for 2-way interaction; Figure 3 ; Table 2 ). This was also true for mortality alone (biventricular circulation: HR, 37.9; 95% CI, 4.8-297; vs SVF circulation: HR, 0.6; 95% CI, 0.1-4.5; P = .01 for 2-way interaction; Table 2 ). There was a continual increase in risk associated with increasing ACR among patients with a biventricular circulation, even within the normal range (<30 mg/g), to a plateau of approximately 300 mg/g (eFigure 3 in the Supplement).
After stratifying the survival analysis by baseline NYHA FC, event-free survival was poor regardless of albuminuria status among patients with markedly limited functional status (NYHA FC 3 or 4); likewise, prognosis was good for patients at the NYHA FC 1 category whether or not they had albuminuria. However, among the 133 patients with NYHA FC 2 symptoms, albuminuria was strongly predictive of death or nonelective hospitalization (eFigure 4 in the Supplement).
Exercise Testing
A subset of patients (n = 404; 66.0%) underwent cardiopulmonary exercise testing within 2 years of enrollment. Albuminuria was associated with lower peak oxygen consumption (or VO 2 ; mean [SD], 18.5 [7.6] 
Discussion
This study suggests that approximately 1 in every 6 adults with CHD have albuminuria, which is notably higher than the general population prevalence of 5% to 8%. Adult patients with Kaplan-Meier survival plots for adults with congenital heart disease classified by degree of albuminuria: normal or mildly increased (ACR <30 mg/g; n = 506; vs moderately increased (ACR Ն30-300 mg/g; n = 90; P < .001 compared with normal/mild albuminuria); vs severely increased, (ACR >300 mg/g; n = 16; P < .001 in comparison to moderately increased albuminuria). ACR indicates albumin-to-creatinine ratio.
CHD who have albuminuria are at increased risk for mortality and nonelective cardiovascular hospitalization, particularly those who have a biventricular circulation. As in other populations, 20, 30 higher levels of ACR, even below the cutoff level of 30 mg/g, appeared to be associated with increased risk. Despite a correlation between albuminuria and markers of disease severity and prognosis, the prognostic value of albuminuria was not accounted for by known markers of ACHD prognosis, including NYHA FC category, disease complexity, and renal function. Albuminuria provided particular prognostic insight among patients with mild to moderate functional limitation, those classified as NYHA FC 2. The prognostic implication of low eGFR in patients with ACHD has been described, 31 and the association between cyanosis and renal function has been detailed. 21, [32] [33] [34] [35] [36] [37] In patients with cyanotic CHD, functional abnormalities (eg, decreased renal plasma flow and GFR, impaired uric acid secretion, and proteinuria) and pathological abnormalities (eg, mesangial hypercellularity, glomerular capillary congestion, and segmental sclerosis) have both been reported. 38,39 However, little has been published about the prevalence and prognostic value of albuminuria across the wider spectrum of patients with ACHD. In a study of 14 patients with cyanosis and 22 patients without cyanosis with CHD, 13 patients (35.7%) had moderately increased albuminuria, and 8 patients (21%) had proteinuria (defined as urine protein >1 g/24 hours). 22 Notably, albuminuria was only present among the patients with cyanosis. The current study supports that the frequency of albuminuria parallels the general prevalence among certain groups of patients, including those with left-sided obstructive lesions, repaired simple shunts without clinical sequelae, and transposition with a systemic left ventricle. Conversely, the prevalence of albuminuria is elevated among patients with ongoing cyanosis and others, such as those with SVF, simple shunts with clinical sequelae, and transposition with a systemic right ventricle. There are likely several distinct reasons that adults with CHD are prone to albuminuria. One is cyanosis and erythrocytosis, as outlined above. Hemodynamic abnormalities, specifically limited perfusion and renal congestion, may be another. Several studies have shown a high prevalence of albuminuria in adults with acquired congestive heart failure with a similar prevalence among those with reduced and preserved ejection fractions. 15, 16, 40 In patients with acquired heart failure, albuminuria is similarly associated with increased risk for death and nonfatal heart failure hospitalizations. 15 The ACHD diagnoses with the highest burden of albuminuria also tend to be those most strongly associated with heart failure and high systemic venous pressure. Further, medications commonly used to treat heart failure (eg, diuretics, β-blockers, and digoxin) were more frequently prescribed to patients with albuminuria. Interestingly, there was no difference in angiotensin-converting enzyme inhibitor or receptor blocker use between groups with or without albuminuria. While the current analysis is unable to delve deeply into the reason for this discrepancy, presumably this could reflect a protective effect of these medications on albuminuria. Many variables associated with albuminuria in ACHD tended to mirror findings in the general population and those with heart failure: older age, DM, lower eGFR, and worse NYHA FC status. Conversely, hypertension, tobacco use, and elevated BMI were not associated with albuminuria in this study sample. Most importantly, only a small subset of patients in this study had DM (24 [3.9%]) or hypertension (83 [13.6%]), and these diagnoses did not account for the high prevalence of albuminuria observed.
As with studies in other patient populations, albuminuria was associated with adverse outcomes in the overall group of patients with ACHD. In fact, it is challenging to identify an adequately powered study in any population that does not support an association between albuminuria and adverse outcomes. This makes it especially notable that while we found albuminuria to be strongly predictive of outcomes in patients with biventricular CHD, there was no such association with adverse outcome among patients with SVF circulation. This is not readily explained by low statistical power: the prevalence of albuminuria in the group with SVF was high, and we were able to demonstrate .67
Abbreviations: ACR, albumin-to-creatinine ratio; HR, hazard ratio; NA, not applicable. a The combined outcome was mortality or nonelective cardiovascular hospitalization; the combined outcome and mortality alone were each associated with albuminuria in the overall cohort. b Model 1 was based on automated forward selection and was adjusted for New York Heart Association functional class and cyanosis. c Model 2 was adjusted for age, diabetes mellitus, New York Heart Association functional class, cyanosis, congenital heart disease severity, and estimated glomerular filtration rate. d Given the low absolute number of deaths (n = 17), multivariable adjustment was not performed for mortality alone. a statistically significant interaction between underlying circulation and the association between albuminuria and outcome. Further, an equivalent pattern was observed with continuous measures of exercise performance (ie, in peak VO 2 and VE/VCO 2 slope), which are themselves associated with outcomes in adults with CHD. [41] [42] [43] [44] Albuminuria was associated with markedly lower peak VO 2 and higher VE/VCO 2 slope in patients with a biventricular circulation; there was no such association among those with a SVF circulation. We believe this suggests either a distinct mechanism of albuminuria or that albuminuria reflects competing mechanisms in SVF patients. For example, it may be that exercise is associated with more prominent albuminuria in the SVF circulation because of striking increases in systemic venous pressure; this could be associated with some adverse effect among patients who engage in regular aerobic conditioning but the positive effects of such training may counterbalance any negative impact.
These results demonstrate the high prevalence of albuminuria in adults with CHD overall, with a variable prevalence by CHD diagnosis. Albuminuria identifies a cohort of patients with more severe illness, and the predictive value of albuminuria appears to be independent of its association with known markers of risk. Albuminuria was especially useful in predicting outcomes in patients with NYHA FC 2 symptoms, a group at intermediate risk who would therefore especially benefit from further risk stratification. Urine ACR is an inexpensive, noninvasive, simple test that can be performed during routine clinical visits; with further validation, the presence of albuminuria could be used to identify a higher risk group among patients who may appear to be stable. The mechanism and implications of albuminuria in patients with SVF require further research, including potential interactions with other end organ (eg, liver) dysfunction.
Limitations
The population under study, adults with CHD, is heterogeneous. We classified patients based on 1 commonly applied approach to defining primary pathophysiologic subtype. This classification scheme was not developed with renal pathophysiology in mind, and patients within a single diagnostic group may not share the same renal effects (eg, coarctation and aortic stenosis were grouped under left-sided obstructive lesion). This is also a single-center study, and the distribution of CHD diagnoses and historical management may not be universally generalizable. The diversity of diagnoses also constrains the use of certain variables. For example, we chose not to present data on ventricular ejection fraction because of the inherent difficulties of this measure in patients with CHD and the variability between diagnoses. Our definitions of comorbidities, including DM and hypertension, depended on a documented clinical diagnosis from the medical record.
Urine ACR is a spot measurement of urine albumin excretion and may be affected by factors such as fever or active urinary tract infection; however, these are unlikely to be common in a substantial proportion of stable outpatients. Much like the diagnosis of systemic hypertension, documentation of albuminuria in practice requires repeated measurement. While this is a limitation, the lack of such confirmation would be expected to cause nondifferential misclassification and thereby bias the results toward the null. One reason that confirmation with repeat testing is required is that strenuous exertion can also cause benign transient albuminuria; we therefore excluded patients with albuminuria who underwent an exercise stress test prior to urine collection. The resulting prevalence estimates may, therefore, underestimate the actual prevalence of albuminuria.
Conclusions
Albuminuria is common in adults with CHD, with the highest prevalence among patients with SVF, cyanotic CHD, and transposition of the great arteries with a systemic right ventricle. Albuminuria predicts adverse clinical outcomes in adults with biventricular CHD but not in those with SVF. The A, Kaplan-Meier survival plot for adult congenital heart disease patients by albuminuria status, for patients with biventricular circulation; an ACR level of 30 mg/g or greater was a significant predictor of the combined outcome (hazard ratio, 4.5; 95% CI, 2.5-8.0; P < .001 by log-rank test). B, For patients with single-ventricle Fontan circulation, an ACR level of 30 mg/g or greater was not a significant predictor of the combined outcome (hazard ratio, 1.0; 95% CI, 0.4-2.8; P = .95 by log-rank test). ACR indicates albumin-to-creatinine ratio.
mechanisms and implications of albuminuria in patients with SVF merit further study. Albuminuria appears to have especially powerful prospective use in defining risk in patients with NYHA FC 2 status.
